1. Introduction {#sec1}
===============

After myocardial infarction (MI), ventricular remodeling is associated with poor outcomes, mainly due to increased risk for ventricular dysfunction and cardiovascular death. Therefore, strategies to attenuate this process are fundamental tools in the management of patients with coronary occlusion, including reperfusion therapy, beta-blockers, and inhibitors of the renin-angiotensin system \[[@B1]--[@B4]\].

Exercise training started late after experimental MI is accepted as a strategy to attenuate the remodeling process \[[@B5]--[@B9]\]. However, the best time to start a training program after a coronary occlusion remains to be elucidated. Indeed, during the healing phase, a number of factors may stimulate the progressive dilation of the heart by increasing ventricular wall stress. Importantly, it is postulated that early exercise might act as a parietal stressor, increasing the left ventricular dimensions \[[@B1]\]. In fact, in a previous study, our group showed that delayed exercise might be better than early exercise following coronary occlusion \[[@B10]\].

We must consider, however, that the remodeling process starts at very early stages after coronary occlusion. Thus, strategies initiated early could have greater repercussions in mitigating ventricular remodeling after MI. In addition, in recent years, new modalities of physical exercise have been introduced in different models with promising results, including interval training. Importantly, it remains unknown if modality and intensity of early exercise training, after MI, could also influence the remodeling process. Therefore, the objective of this study was to analyze the impact of different modalities and intensities of exercise training on cardiac remodeling started early after experimental MI.

2. Material and Methods {#sec2}
=======================

All experiments and procedures were performed in concordance with the National Institute of Health\'s Guide for the Care and Use of Laboratory Animals and were approved by the Animal Ethics Committee of our institution.

2.1. Experimental Groups {#sec2.1}
------------------------

The experimental timeline is shown in [Figure 1](#fig1){ref-type="fig"}. Male Wistar rats, weighing 200-250 g, were subjected to experimental MI, according to the method described previously \[[@B11], [@B12]\]. We selected only the animals with an infarct size greater than 35% as assessed by histologic analysis because we considered that animals with small infarct size do not undergo cardiac remodeling \[[@B13]\].

After 5 days of performing the surgical procedure of infarction induction, an initial echocardiographic study was performed to evaluate systolic and diastolic areas, fraction area changes, and infarct size, to guarantee homogeneity between the groups (data not shown).

After the initial echocardiographic study, the animals were allocated into three experimental groups and observed for three months: S (sedentary control animals), C (animals subjected to continuous low-intensity training), and HIT (animals subjected to high-intensity interval training).

2.2. Exercise Training Protocols {#sec2.2}
--------------------------------

Exercise training protocols started 5 days after surgical procedures. The speed started at 6 m/min and was increased by 3 m/min every 3 min until the rats could not run. The same protocol was also used to measure the maximum oxygen uptake (VO~2~ max). The animals were placed inside a metabolic chamber (airflow inside the chamber (3.500 mL/min)). Low-intensity exercise training was performed at a treadmill speed corresponding to 40% VO~2~ max, which was kept unchanged throughout the entire session (i.e., continuous low-intensity training). High-intensity interval training was performed in such a way that rats run during 3 min at 60% VO~2~ max, followed by 4-minute intervals at 85% VO~2~ max (i.e., high-intensity interval training), which was repeated seven times, so each HIT session lasted for 49 min. Similar to continuous low-intensity training, this protocol was kept unchanged throughout the entire session. Continuous low-intensity and HIT protocols were of matched volume, meaning that total running distances in each session of either continuous low-intensity training or HIT were identical \[[@B14]\]. The protocols were performed at 15° inclination, 5 days per week, over 3 months.

2.3. Echocardiographic Analysis {#sec2.3}
-------------------------------

At the end of the three-month follow-up, echocardiography was performed. The cardiac structures were measured according to previous methods in an infarcted rat model \[[@B15], [@B16]\]. The systolic (SA) and diastolic areas (DA) were measured in two dimensions through planimetry. The left ventricle (LV) function was assessed by calculating the fractional area change (FAC = (DA − SA)/DA × 100), the posterior wall shortening velocity (PWSV), the Tei index, the *E* wave deceleration time (EDT), the isovolumetric relaxation time normalized to the heart rate (IRT/RR^0.5^), and the *S*′ wave and *A*′ wave, assessed by tissular echocardiogram.

2.4. In Vitro Left Ventricular Function Analysis {#sec2.4}
------------------------------------------------

The procedures and measurements for assessing left ventricular function were performed following a previously described method \[[@B17]\]. The LV systolic function was assessed by the maximum systolic pressure (PS) and the maximum rate of ventricular pressure rise (+dP/dt). The LV diastolic function was assessed by the decreased maximum rate of ventricular pressure rise (-dP/dt).

2.5. Cardiac Energy Metabolism and Oxidative Stress {#sec2.5}
---------------------------------------------------

By spectrophotometry, LV samples of approximately 200 mg were homogenized in sodium phosphate buffer (0.1 M, pH 7.0) and centrifuged at 10,000 rpm for 15 minutes at 4°C. The supernatant was used to determine the concentrations of protein, lipid hydroperoxide, and antioxidant enzymes and energy metabolism. The activities of the enzymatic complexes of the mitochondrial respiratory chain were determined after resuspension of the pellet in phosphate buffer containing 0.1 M sodium, 250 mM sucrose, and 2 mM ethylenediaminetetraacetic acid (EDTA) and centrifugation (10,000 rpm, 5 minutes, 4°C) according to an adapted technique \[[@B18]\].

The activities of lactate dehydrogenase (LDH), citrate synthase, *β*-hydroxyacyl-CoA dehydrogenase (*β*-OH-acyl-CoADH), phosphofructokinase (PFK), pyruvate dehydrogenase complex (PI-DH), NADH dehydrogenase (complex I), succinate dehydrogenase (complex II), and ATP synthase were measured by the method described previously \[[@B18]\].

Oxidative stress was assessed by determining the concentration of lipid hydroperoxide (LH). Glutathione peroxidase (GSH-Px) and catalase (CAT) activities were assessed as previously specified \[[@B19]\].

2.6. Statistical Analysis {#sec2.6}
-------------------------

The data were expressed as mean ± standard deviation (for normal distribution) or median with the 25th and 75th percentiles (for nonnormal distribution). Continuous variables were tested for normality; continuous variables with normal distribution were compared by ANOVA, completed by the Holm-Sidak test, while nonnormal continuous variables were compared by Kruskal-Wallis test, completed by the Dunn test. Data analysis was performed with SigmaStat for Windows v2.03 (SPSS, Inc., Chicago, IL, USA). The significance level was 5%.

3. Results {#sec3}
==========

We subjected 140 animals to coronary occlusion. After 5 days, 50 rats died. In addition, 20 animals were discarded for having an infarct size of \<35%. Therefore, our groups were composed of the following animals: S = 25, C = 25, and HIT = 22.

There were no differences in body weight between the groups at the beginning of the experiment (S = 232 ± 28 g, C = 226 ± 18 g, and HIT = 229 ± 15 g; *P* \> 0.05) or after 3 months (S = 504 ± 39 g, C = 483 ± 54 g, and HIT = 459 ± 11 g; *P* \> 0.05).

There was no difference in infarct size between the groups (S = 47 ± 3.6%, C = 46 ± 4.2%, and HIT = 48 ± 2.5%; *P* \> 0.05). Likewise, in the period of 3 months after the infarction, there was no difference in the mortality between the groups (S = 10, C = 7, and HIT = 7; *P* \> 0.05).

The results of the echocardiographic study are shown in [Table 1](#tab1){ref-type="table"}. The C group presented higher values of EDT than the HIT group and higher values of the Tei index than the S group. In addition, the C group presented higher values of IRT/RR^0.5^ in comparison to groups HIT and S. The animals of the HIT group presented higher values of *A*′ than the other groups. There was no difference in the other variables between the groups. Likewise, in the study of the isolated heart, we did not find differences among the groups ([Table 2](#tab2){ref-type="table"}).

In relation to the results of oxidative stress, the animals of the HIT group presented higher values of the antioxidant enzymes catalase and glutathione peroxidase. As a consequence, intense interval exercise showed a decrease in oxidative stress, assessed by LH concentrations. Importantly, this phenomenon did not occur with the group of animals subjected to continuous exercise ([Table 3](#tab3){ref-type="table"}).

Considering the data on energy metabolism, both trained groups presented a decrease in lactate dehydrogenase activity and increased ATP synthase and mitochondrial complex I activity. On the other hand, only the HIT group showed increased activity of *β*-hydroxyacyl coenzyme-A dehydrogenase, citrate synthase, and pyruvate dehydrogenase ([Table 4](#tab4){ref-type="table"}).

4. Discussion {#sec4}
=============

The objective of this study was to analyze the impact of different modalities and intensities of exercise training on cardiac remodeling started early after experimental MI. Our data showed that both high-intensity interval and continuous low-intensity modalities improved cardiac energetic metabolism variables in comparison with sedentary infarcted animals. In addition, high-intensity interval training decreased cardiac oxidative stress, associated with improved diastolic function. On the other hand, the continuous low-intensity group showed impairment of cardiac function.

As discussed earlier, the beneficial effects of late physical training after MI are unquestionable \[[@B5]--[@B9]\]. On the other hand, when physical exercise is started early after coronary occlusion, the results in the remodeling process are not uniform. In rats with large infarctions of the anterior wall, physical exercise started less than one week after coronary occlusion resulted in an increase in infarct expansion with dilation of the left ventricular cavity. The authors hypothesized that early physical exercise could increase parietal stress and stimulate the remodeling process \[[@B20]--[@B23]\]. In contrast, in mice and rats, nonintense physical exercise started one week after infarction of different sizes attenuated the remodeling process or had no morphological repercussion \[[@B24]--[@B27]\]. Therefore, we can conclude that the effects of physical exercise after infarction depend on different variables, including infarct size, and the exercise protocol used. Importantly, the role of modality and intensity of early exercise training in ventricular remodeling after MI remains to be elucidated.

Our study showed that high-intensity interval training improved diastolic function. On the other hand, the continuous low-intensity group showed impairment of cardiac function, assessed by the Tei index and IRT/RR^0.5^ ratio. Importantly, early exercise after MI did not improve systolic function. We have to consider that the beneficial effects of exercise initiated late after the experimental infarction are consensual, including improved systolic function. Therefore, our data reinforce the concept that, at least so far, late physical exercise protocols after infarction could be better than early physical exercise, regardless of the modality or intensity.

Reactive oxygen species and oxidative stress play a critical role in cardiac remodeling following several cardiac injuries \[[@B28], [@B29]\]. To protect against oxidative stress, a well-organized system of antioxidants works in a coordinated manner. In our study, both modalities increase antioxidant enzymes, but only the high-intensity interval training protocol decreased oxidative stress, assessed by LH. Therefore, considering the redox system, we can conclude that HIT was superior to continuous low-intensity training.

Another potential mechanism involved in the action of exercise training on cardiac remodeling is related to cardiac energy metabolism \[[@B30]\]. The remodeled heart exhibits several changes in energy metabolism, including a fuel preference shift, decreased fuel amount, mitochondrial abnormalities, and impaired transport of energy from mitochondria to the site of utilization. Data on energy metabolism suggest that, despite some specific differences, in general, high-intensity interval training increased the energy substrate and mitochondrial phosphorylation activity, more evident than continuous low-intensity training.

Finally, our data showed that the evident benefits in oxidative stress and cardiac energy metabolism in the high-intensity interval training group did not result in improved systolic function, which is a critical variable in the assessment of cardiac remodeling. However, we must understand that the temporal evolution of the remodeling process could explain these apparently discrepant results. In fact, the first event in this process is a stimulus to the heart, including hemodynamic overload, loss of myocytes, cardiac inflammation, genetic changes, and toxic injuries. As a consequence, fetal genes are reexpressed. This phenomenon, in turn, results in deleterious cardiac responses in different pathways, including inflammatory systems, cell death, collagen accumulation, energy metabolism deficit, and oxidative stress. Finally, as a result of these events, the remodeling process is associated with changes in cardiac morphological and functional variables \[[@B1]--[@B4]\]. Therefore, with a longer follow-up time, we believe that the beneficial biochemical changes induced by high-intensity interval training in this study would result in cardiac systolic functional improvement.

In conclusion, both high-intensity interval and continuous low-intensity modalities improved cardiac energetic metabolism variables. In addition, the high-intensity interval modality decreased cardiac oxidative stress, associated with improved diastolic function. On the other hand, a continuous low-intensity training group showed impairment of cardiac function. Therefore, altogether, our data suggest that high-intensity interval training could be the best modality for early physical exercise after MI and should be better studied in this clinical scenario.
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###### 

Echocardiographic data.

  Variables     S (*n* = 15)       C (*n* = 16)          HHIT (*n* = 15)
  ------------- ------------------ --------------------- ------------------
  LVDD (mm)     10.4 ± 0.9         10.6 ± 1.1            10.3 ± 1.2
  LVSD (mm)     7.85 ± 1.0         8.21 ± 1.4            8.53 ± 0.2
  EF (%)        0.57 ± 0.1         0.53 ± 0.1            0.50 ± 0.1
  FAC (%)       36.5 ± 11.1        30.7 ± 13.4           33.9 ± 14.5
  Tei index     0.56 (0.47-0.65)   0.69 (0.59-0.84)^∗^   0.60 (0.55-0.66)
  LVWT (mm/s)   29.7 ± 5.7         19.3.±6.7             27.9 ± 7.4
  EDT           43.3 ± 7.6         47.4 ± 8.7            37.3 ± 10.8^\#^
  IRT/RR^0.5^   57.3 ± 8.8^\#^     66.2 ± 9.1            57.2 ± 14.3^\#^
  *S*′          3.10 ± 0.48        2.79 ± 0.35           3.09 ± 0.56
  *A*′          3.29 ± 1.19        3.46 ± 0.86           4.69 ± 1.15^∗\#^

S: sedentary control animals; C: continuous moderate intensity training; HIT: high-intensity interval training; LVDD: left ventricular diastolic diameter; LVSD: left ventricular systolic diameter; LVWT: posterior wall shortening velocity; FAC: fractional area change; IRT/RR^0.5^: isovolumetric relaxation time normalized to the heart rate. Data are expressed as mean ± SD or medians (including the lower quartile and upper quartile). ^∗^*P* \< 0.05 versus S; ^\#^*P* \< 0.05 versus C.

###### 

Isolated heart data.

  Variables          S (*n* = 8)   C (*n* = 8)   HIT (*n* = 8)
  ------------------ ------------- ------------- ---------------
  +dP/dt (mmHg/s)    1825 ± 496    1541 ± 557    1750 ± 337
  --dP/dt (mmHg/s)   1375 ± 423    1208 ± 437    1200 ± 357
  SP (mmHg)          100 ± 23.5    80 ± 12.1     93 ± 14.1

S: sedentary control animals; C: continuous moderate intensity training; HIT: high-intensity interval training; +dP/dt: maximum LV pressure development rate; --dP/dt: maximum LV pressure decrease rate; SP: systolic pressure. Data are expressed as mean ± SD. *P* \> 0.05.

###### 

Cardiac oxidative stress enzyme activity.

  Variables                S (*n* = 8)   C (*n* = 8)     HIT (*n* = 8)
  ------------------------ ------------- --------------- -----------------
  LH (nmol/mg of tissue)   251 ± 30.9    249 ± 55.7      186 ± 39.9^∗\#^
  CAT (*μ*mol/g)           80.4 ± 11.5   86.5 ± 9.7      119 ± 15.7^∗\#^
  GSH-Px (nmol/mg)         22.5 ± 4.9    33.1 ± 2.9^∗^   41.1 ± 7.7^∗\#^

S: sedentary control animals; C: continuous moderate intensity training; HIT: high-intensity interval training; LH: lipid hydroperoxide; CAT: catalase; GSH-Px: glutathione peroxidase. Data are expressed as mean ± SD. ^∗^*P* \< 0.05 versus S; ^\#^*P* \< 0.05 versus C.

###### 

Cardiac energy metabolism.

  Variables                                            S (*n* = 8)     C (*n* = 8)        HIT (*n* = 8)
  ---------------------------------------------------- --------------- ------------------ ------------------
  Pyruvate dehydrogenase complex (nmol/g)              198 ± 39.5      165 ± 20.1         217 ± 35.4^\#^
  Lactate dehydrogenase (nmol/g)                       101 ± 9.4       89.6 ± 9.5^∗^      80.4 ± 8.0^∗^
  *β*-Hydroxyacyl coenzyme-A dehydrogenase (nmol/mg)   18.1 ± 4.1      19.5 ± 4.6         24.2 ± 4.8^∗\#^
  Citrate synthase (nmol/g)                            27.0 ± 7.0      35.4 ± 9.0         74.7 ± 9.9^∗\#^
  Complex I (NADH dehydrogenase) (nmol/mg)             3.2 (1.8-4.1)   5.1 (4.3-6.4)^∗^   5.1 (3.9-6.0)^∗^
  ATP synthase (nmol/mg)                               33.5 ± 7.2      60.1 ± 8.1^∗^      61.8 ± 6.8^∗^

S: sedentary control animals; C: continuous moderate intensity training; HIT: high-intensity interval training. Data are expressed as mean ± SD or medians (including the lower quartile and upper quartile). ^∗^*P* \< 0.05 versus S; ^\#^*P* \< 0.05 versus C.
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